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Abstract
This work proposes a stellar model under Gauss-Bonnet f(G, T )
gravity with the conjecture theorised by Mazur and Mottola, well
known as the gravitational vacuum stars (gravastars). By taking into
account the f(G, T ) stellar model, the structure of the gravastar with
its exclusive division of three different regions namely, (i) the core
interior region (ii) the junction region (shell), and (iii) the exterior
region, has been investigated with reference to the existence of energy
density, pressure, ultra-relativistic plasma, and repulsive forces. The
different physical features like, the equation of the state parameter,
length of the shell, entropy, energy-thickness relation of the gravastar
shell model have been discussed. Also, some other physically valid
aspects have been presented with the connection to non-singular and
event-horizon free gravastar solutions, which in contrast to a black hole
solution, might be stable without containing any information paradox.
Keywords: f(G, T ) gravity; Gravastars; Mazur and Mottola.
PACS: 95.30.Sf, 04.70.Bw, 04.20.Jb
1 Introduction
Gravastars (gravitational vacuum stars) have been proposed by Mazur and
Mottola [1] featuring the exact solutions of eminent Einstein field equations.
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The original presentation describes them as super compact, spherically sym-
metric and singularity free objects, that can be considered to be virtually
as compact as the black holes. In the presented three-layer model, this high
compactness is reinforced by a de-Sitter spacetime, enclosed by a thin shell
made up of some ultra-stiff matter, and the exterior vacuum core is, of course,
that of Schwarzschild solution so that the Schwarzschild spacetime singular-
ity is removed. Though, their creation procedure is not yet clear, however,
the idea is quite captivating as it could resolve two main fundamental ob-
stacles related to black holes: the singularity problem and the paradoxical
problems. Regardless of these theoretical and observational achievements,
a number the challenging problems still exist which frequently inspire re-
searchers to look for other substitutes, in which the endpoints of the final
phase of gravitational collapse are huge stars without event horizons. Ex-
ample of such objects, to mention only a few of them, include, black stars
[2, 3], Bose superfluid [4], and gravastars that stresses the matter within the
bounds of the gravitational radius rs = 2GM/c
2, i.e., much closer to the
Schwarzschild radius but with no singularity and event horizon [5]. Among
these objects, gravastars have received much attention recently [6], partly
because of the firm connection between the cosmological constant and the so
called currently accelerating Universe [7], although very strict observational
limitations on the presence of such stars may occur [8].
In the originally presented model by Mazur and Mottola [1], the gravas-
tars comprise of five layers: an inner core 0 < r < r1 with ρ = −p, defined by
the de-Sitter spacetime, an intermediary thin layer made of some stiff fluid
r1 < r < r2 with ρ = p, an exterior region r > r2 with ρ = p = 0, designated
by the Schwarzschild solution, and infinitely two thin shells, apparently, on
the regions r = r1 and r = r2, respectively. These characteristics are the
most significant one for the construction of a gravastar model with negative
central pressure, positive energy density and without event and cosmological
horizons. It may be noted that here ρ is for energy density and p being the
isotropic pressure of the gravastar. However, the inner core possesses the
constant energy density, given by ρint = 3H
2
0/8π ≥ 0. Physically, the region
r1 < r < r2 is the most vital one because this is the region where the non-
trivial gravastar model can be specified. Also, it has been suggested that the
five-layer models may be simplified to the three-layer ones, by replacing two
infinitely thin stiff shells and the intermediary region with just one infinitely
thin shell core [9].
Motivated by the originally proposed gravastar model, numerous works
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on gravastars have been initiated, but majority of them have only provided
the stationary solutions except in [10]. A similar simple model consisting
of infinitesimally thin shell configuration was anticipated in [9] and a gen-
eralized one in [11]. Some other possibilities for the interior solutions have
also been discussed [12]-[14]. In a recent work [6], a viable solution for the
gravastar having electrically charged configurations has been studied and
the bounds on the astronomical data for the existence of the gravastars are
proposed [8]. Kubo and Sakai [15] studied gravitational lensing effects as a
possible approach to detect the gravastars by adopting the Visser-Wiltshire
model of spherical thin-shell geometry, which provides the connection of the
de-Sitter interior core to the Schwarzschild exterior core over the assumption
of optically transparent surface. They calculated the image of the rotating
companion around the gravastar and and found some characteristic images,
which were dependent on whether the gravastar possessed unstable spherical
orbits of photons or not. They determined the total change in luminosity,
known as the microlensing effects and concluded that the maximal luminosity
could be significantly bigger than the black hole with unchanged mass. For
the scenario, the maximum luminosity could be substantially higher than the
black hole with the unchanged mass. Similar astrophysical impacts of such
results have been discussed specifically for f(R, T ) gravity [16]. If the gravas-
tars exist in the universe, how can they be recognized just by observations?
Chirenti and Rezzolla [17] put a question how to differentiate a gravastar
from a black hole. They investigated the axial-perturbations on gravastars
and established that the quasi normal modes of gravitational waves were dif-
ferent from those of the black holes. Some more generalized perturbations
were studied later by Pani and collaborators [18].
We have just made a note on the variety of work associated to the gravas-
tars which are mainly based on different physical assumptions followed by
mathematical arguments. But, just to mention here, all these works carried
out by many authors are mainly confined to the framework of Einstein the-
ory of relativity [9]-[25]. Without any doubt, Einstein theory of relativity
has been unparalleled wonderful tool to address the complicated issue re-
lated to the accelerated expansion of this universe. But, many of the valid
inquiries about the factors responsible for this accelerated expansion of the
universe such as dark matter and energy, flatness issue, cosmological constant
and initial singularity have remained unanswered by general relativity (GR).
Clearly, GR alone fails to tackle these important issues which are understood
to be the real reason behind the so called expansion of universe. The modified
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theories of gravity have provided some different criteria to solve complexities
arisen due to the quantum gravity and have given the researchers with dif-
ferent astronomical strategies to explore the reasons behind this accelerating
expansion of universe. Harko and collaborators [26] were the pioneers who
presented the idea of implicit and explicit couplings of curvature and mat-
ter terms in f(R, T ) gravity. Some remarkable works on modified theory of
gravity can be noted in [27]-[36]. Recently, researchers have shown some gen-
eralized techniques in modified Gauss-Bonnet gravity. Sharif and Ikram [37]
introduced another modified f(G, T ) theory of gravity and determined diverse
energy constraints for the Friedmann-Robertson-Walker (FRW) metric and
they concluded that the significant test particles followed non-geodesic ways
of geometry in the presence of some additional dynamical forces. One may
expect some new definitions pertaining to late-time cosmic acceleration as-
suming some specific f(G, T ) gravity models. We implemented Noether sym-
metries to find the exact solutions of the modified field equations in f(G, T )
theory of gravity [38]. Also, we explored some cosmological viable f(G, T )
gravity models in anisotropic background for locally rotationally symmetric
Bianchi type I universe using the Noehter symmetries [39]. We proposed that
some Gauss-Bonnet gravity specific models may be used for the reconstruc-
tion of ΛCDM cosmology without indulging any cosmological constant. A
unique stellar model in f(R, T ) gravity describing some viable features of the
gravastars have been worked out by Das et al. [40]. By taking into account
our previous work on the compact stars in f(G, T ) gravity [41, 42], we are
motivated to use f(G, T ) gravity stellar model to investigate the gravastars.
The present setup of this paper is organized as follows: In Section II,
the fundamental formalism of f(G, T ) gravity has been given with some im-
portant description of characteristics of the modified gravity. Section III,
includes the basic spherically symmetric equations with perfect fluid matter
distribution. Moreover, it contains the stellar structure expressions presented
with the boundary conditions and the equation of state (EoS) parameter for
the analysis of the compact stars in f(G, T ) gravity. In Section IV, the ge-
ometry of the gravastar, comprised of three exclusive regions, the interior,
exterior and the thinly structured shell of the gravastar is discussed with the
construction of the gravastar solutions under f(G, T ) gravity. Several phys-
ical attributes of the stellar model such as EoS parameter, proper length of
the thin shell, entropy, and the energy within the shell have been analyzed
in section V. Finally, Section VI gives the conclusive discussion on the re-
sults with the brief presentation of some important astrophysical implications
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under f(G, T ) gravity.
2 f(G, T ) Gravity
Let us start with an expression for the general action of modified Gauss-
Bonnet f(G, T ) gravity [37]
U = 1
2κ2
∫
d4x
√−g[R + f(G,T)] +
∫
d4x
√−gLM, (1)
where f(G, T ) is a function comprising of the Gauss-Bonnet term G with the
trace of the energy-momentum tensor T , g gives the metric determinant. κ
is for the coupling constant, R is the Ricci Scalar, and LM expresses the
matter part of the Lagrangian.
The variation of Eq.(1) with respect to the metric tensor gξη, one can
have the following field equations
Gξη = Tξη + [2Rgξη∇2 + 2R∇ξ∇η + 4gξηRµν∇µ∇ν + 4Rξη∇2 − 4Rµξ∇η∇µ
−4Rµη∇ξ∇µ − 4Rξµην∇µ∇ν ]fG +
1
2
gξηf − [Tξη +Θξη]fT
−[2RRξη − 4RµξRµη − 4RξµηνRµν + 2Rµνδξ Rηµνδ ]fG , (2)
where  = ∇2 = ∇ξ∇ξ represents the d’Alembertian operator, Gξη = Rξη −
1
2
gξηR gives the Einstein tensor, Θξη = g
µν δTµν
δgξη
, f ≡ f(G, T ), fG ≡ ∂f(G,T)∂G ,
and fT ≡ ∂f(G,T)∂T . Einstein equations can be reawakened by simply substitut-
ing f(G,T) = 0 whereas field equations for f(G) are reproduced by replacing
f(G,T) with f(G) in Eq.(2). The matter energy-momentum tensor denoted
by T
(m)
ξη can be defined as
T
(m)
ξη = −
2√−g
δ(
√−gLM)
δgξη
. (3)
However, the metric dependent matter energy-momentum tensor will have
the form
T
(m)
ξη = gξηLM − 2
∂LM
∂gξη
. (4)
The covariant divergence of Eq.(2) is given as
∇ξTξη = fT(G,T)
κ2 − fT(G,T)
[
(Tξη+Θξη)∇ξ(lnfT(G,T))+∇ξΘξη− gξη
2
∇ξT
]
. (5)
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There is a possibility that this theory of gravity might be overwhelmed by
the effects of the divergences. These divergences are caused due to the pres-
ence of the stress-energy tensor higher order derivatives which are naturally
involved in the field equations. This has emerged as an issue to all such mod-
ified theories of gravity which include these higher order stress-energy tensor
derivatives. The weak equivalence principle is not compromised by the al-
terations of Einstein theory through the addition of auxiliary field. Though,
one may define some new limitations to this equation to attain standard
conservation equation for the stress-energy tensor.
The following is the energy-momentum tensor Tξη which defines the per-
fect fluid resource as
Tζη = (ρ+ p)ξζξη − pgζη, (6)
where p and ρ are the pressure and energy density, respectively and ξζ denotes
the 4-velocity vector. It is to mention here that we take the lagrangian matter
L(M) = −p which when used in the expression for Θζη, gives
Θζη = −2Tζη − pgζη. (7)
Specifically for this study, we choose here the f(G, T ) model as
f(G, T ) = f1(G) + f2(T ), (8)
where f1(G) is a function comprised of G, such that f1(G) = αGn, a power
law model of f(G) gravity suggested by Cognola et al. [43], where α is an
arbitrary real constant, and n a positive real number. Here for the second
constituent of the model, we have taken f2(T ) = λT, with λ a real constant.
To keep things simple, we set α = n = 1 for our upcoming investigations.
Now making use of this model in field equation (2), we get
Gζη = (λ+ 1)Tζη +
1
2
gζη[λ(2p+ T ) + G]. (9)
It is worth mentioning here that one can retrieve the general field equation in
GR by simply putting α = λ = 0. Now for the same f(G, T ) gravity model,
Eq.(5) takes the new form as
∇ζTζη = λ
λ+ 1
[
∇ζ(pgζη) + 1
2
gζη∇ζT
]
. (10)
It is easy to see that by substituting λ = 0 in Eq.(10), one can get the original
conserved form of the energy-momentum tensor in GR.
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3 Modified Field Equations with Spherical Sym-
metry
The super-dense cold stars rapidly undergo gravitational collapse due to their
overwhelming mass exceeding some critical value. It is impossible to avoid
or halt this collapse for the matter with the existing high density EoS pa-
rameter. This situation makes one agree on a consensus that a collapsing
object must reach within the proper finite time at some singular condition,
which is conceptualized as a black hole. Event horizon is the distinguished
character which is owned by a black hole. For the sake of simplicity, we
consider here an uncharged and non-rotating static, spherically symmetric
space-time describing the Schwarzschild black hole as
ds2 = eψ(r)dt2 − e−ϕ(r)dr2 − r2dθ2 − r2sin2θdφ2, (11)
where ψ(r) and ϕ(r) are the arbitrary radial functions. For this specific
situation, these are related as
ψ(r) =
1
ϕ(r)
= 1− rs
r
, rs ≡ 2GM
c2
. (12)
It can be seen that the metric (11) turns out to be singular at r = rs, and
at r = 0. Naturally, these two singularities are not the same. In fact, the
one appearing at r = 0 is of generic nature where the spacetime curvature
diverges, while the other at r = rs is a coordinate one and may be worked
out to disappear after the coordinate is properly transformed. Now if M is
sufficiently large and r = rs, the local curvature term exhibits the regular
behavior, classical test point particle will be freely falling through r = rs
and nothing catastrophic happens to it. This particular surface is generally
known as an event horizon. The investigations of the properties of such
horizons are primarily important, and the studies point out that there may
be some deep connection between the gravity and thermodynamics [44]. The
finding of the quantum Hawking radiation [45] and the entropy of black
hole being proportional to the event horizon area of the black hole further
encourages this idea [46]. This fascinating relation was first demonstrated
at the time when Jacobson developed the Einstein field equations using the
first law of thermodynamics by assuming the proportional relation between
the entropy and the area of all local acceleration horizons [47].
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Under these conditions, now it seems favorable to determine regular coor-
dinates extending analytically Schwarzschild exterior geometry through this
event horizon to the interior region. For the metric (11), the non-zero com-
ponents of Gζη can be found as
G00 =
eψ−ϕ (rϕ′ + eϕ − 1)
r2
, (13)
G11 =
rψ′ − eϕ + 1
r2
, (14)
G22 =
1
4
re−ϕ
(
−rϕ′ψ′ + 2rψ′′ + r (ψ′)2 − 2ϕ′ + 2ψ′
)
. (15)
Here the prime appearing in the above equations gives derivative with re-
spect to the radius r. Now using Eqs.(6), (9) and (13-15), one can have the
following expressions
2 + r2(pλ− (2 + 3λ)ρ) = e
−2ϕ
4
[r2ψ′4 − 2r2ψ′3ϕ′ + 8eϕ(−1 + rϕ′ + 4ψ′′) +
4ψ′′(−8 + r2ψ′′)− 4ψ′ϕ′(4(−3 + eϕ) + r2ψ′′) + ψ′2(−8 + 16eϕ + r2ϕ′2 + 4ψ′′)]
(16)
, 2 + eϕ(−2 + r2(−p(2 + 3λ) + λϕ)) = −e
−ϕ
4
[−r2ψ′4 + 2r2ψ′3ϕ′ − 8ϕ′2 −
4ϕ′′(−8 + 8eϕ + r2ψ′′)− ψ′2(16(−1 + eϕ) + r2(ϕ′2 + 4ψ′′)) + 4ψ′(2eϕr +
ϕ′(4(−3 + eφ) + r2ψ′′))], (17)
8 + eϕ(−4 + r4(−p(2 + 3λ) + λρ)) = −e
−ϕ
2
[8 + r2(6ψ′2 − 24ψ′ϕ′ −
2ϕ′2 + 16ψ′′ + eϕ((2r + (−8 + r2)ψ′)(ψ′ − ϕ′) + 2(−8 + r2)ψ′′))]. (18)
Now for the f(G, T ) gravity, the non-conservation Eq.(5) of energy-momentum
tensor takes the new shape as
0 =
dp
dr
+
ψ′
2
(ρ+ p) +
λ
λ+ 1
(p′ − ρ′). (19)
In fact, in GR, the Schwarzschild approach has remained pioneer in helping us
to select from different possibilities of the matching conditions while exploring
stellar compact stars. Now for our concerns in case of alternative theories
of gravity, the modified Tolman-Oppenheimer-Volkoff (TOV) equations with
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null pressure and energy density, the exterior solution of the star may differ
from the Schwarzschild’s solution [48]. Though, it is anticipated that the
modified TOV solutions with pressure and energy density (may be non-zero)
may admit Schwarzschild’s solutions with some special selection of f(G, T )
gravity model. Perhaps, this is the reason that Birkhoff’s theorem may not be
fulfilled by modified gravity. The detailed investigation of this phenomenon
and to comprehend the related issues in context of modified f(G, T ) gravity
might be an interesting pursuit. Many researchers have taken into account
the Schwarzschild solutions for this issue and concluded some interesting
results [49]-[52]. Therefore, it seems quite interesting here to develop the
TOV equation for f(G, T ) gravity. For this, we consider the gravitational
mass m(r) of some sphere with interior radius r such that e−ϕ = 1− 2m
r
. Now
manipulating Eqs.(16) and (17) together with the preceding gravitational
mass-radius relation, one can have
ψ′ = −
2m2
r−2m + rm
′
r4
− (λ+ 1)r
2(p+ ρ)
2m− r , (20)
Using Eqs.(16-18) along with e−ϕ = 1 − 2m
r
, the radial derivative of the
gravitational mass within the sphere of radius r reads
dm
dr
=
2m (m+ r3)− (λ+ 1)r6(p+ ρ)
r (2m+ 2r3 − r) . (21)
Solving together Eqs.(20) and (19), one gets an expression for the hydrostatic
equilibrium in f(G, T ) gravity as
dp
dr
=
−1
2
(ρ+ p)
m
r4
− r2 (1+λ)(p+ρ)
(2m−r) −
dm
dr
r3
(1− dρ
dp
)(1 + λ
1−λ)
. (22)
We have imposed here the condition that the energy density ρ is dependent
on the pressure p such that ρ = ρ(p). It is noted here that by taking λ = 0,
one can work out the TOV equation related to the case of GR.
It may become a tempting pursuit when one goes for the simultaneous
solutions of the differential Eqs.(21) and (22) for the investigations of some
important physical features of the compact stars, though, the detailed anal-
ysis may not be possible for the moment. The integration of these equations
requires some specific boundary conditions starting with values r = 0, in the
center of the star [53]:
m(0) = 0, ρ(0) = ρc, p(0) = pc. (23)
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The star surface (R = r) is evaluated when p(R) = 0 where the solution of
the interior of the star is smoothly matched to the Schwarzschild exterior
solution. The connection between the potential metrics of interior-exterior
spacetime is defined by eψ(R) = e−ϕ(R) = 1− 2M
R
, with M being the total stel-
lar mass of the star. Now for the purpose to make these system of equations
closed, the role of the EoS parameter becomes significant here. The coupled
equations (21) and (22) are now set to be solved numerically (Runge-Kutta
4th order method may be more appripriate) for the three unknown radial
functions m, ρ, and p, after we have defined the EoS. Like the analysis of
compact stars in f(R, T ) theory of gravity, the investigations of the equi-
librium configurations of the stars in f(G, T ) gravity may be initiated by
considering the polytropic and MIT bag EoS based models. For the simplest
choice, the work by Tooper [54] may be followed by considering p = ωρ5/3,
with ω being the EoS parametric constant or in particular, one may choose
ω = 1.4745× 10−3[fm3/MeV ]2/3 [55, 56].
Our next section is dedicated to the construction of solutions of gravastars
in f(G, T ) gravity in connection to its different regions that is (i) the exterior
region (ii) the interior region, and (iii)the shell.
0.5 1.0 1.5 2.0

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Figure 1: The plot of the mass M (km) with respect
to the radius D (km) of the gravastar with do = 1
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4 Geometry of Gravastars
We are interested here for the geometrical interpretation and corresponding
solutions for the gravastar under investigation. It is not difficult to visualize
that the interior of the star is bordered by a very thin shell believed to be
made of some ultra-relativistic matter whereas the outer region is entirely
vacuum. Therefore, the Schwarzschild’s metric can be assumed feasible for
this region. As for the geometry of the shell is concerned, it is supposed to be
extremely thin having a finite width within the range of r1 = D ≤ r < D+ε =
r2, where r1 and r2 describe interior and the exterior radii, respectively of
the gravastar under investigation. These regions, in fact, are structured on
the basis of EoS parameter as follows: Interior region R1 ≡ 0 ≤ r < r1, with
ρ = −p, the shell region R2 ≡ r1 ≤ r ≤ r2, with +ρ = p, and the exerior
region R3 ≡ r2 < r, with ρ = p = 0.
4.1 The Interior Region
As discussed above, let us take here EoS parameter as ρ = ωp. Now since we
have ω = −1 for the interior region R1, the condition on the EoS parameter
gives p = −ρ which describes EoS for the dark energy. Manipulating Eqs.(16)
and (17), one can obtain
ρ+ p =
e−2ϕ(eϕr + ψ′ − ϕ′)(ψ′ + ϕ′)
r2(1 + λ)
. (24)
Imposing the condition of ρ = −p on Eq.(24), and then solving, gives
e−ϕ =
C1 − r2
4
and eψ = C2e
−ϕ, (25)
here C1 and C2 are the constants of integration. A proportionate relationship
between the metric potentials ψ and ϕ can be noted from Eq.(25.) It can be
seen as well from these solutions that the space-time is independent of any
central singularity. Now extending the same condition of ρ = −p to Eq.(19),
gives
dp
dr
( 2λ
λ+ 1
)
= 0. (26)
The solution of the above ordinary differential equation (ODE) implies that
for ρ = −p, we have ρ = do, and p = −do, where do is a constant of
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integration. Moreover, one can find the interior gravitational mass M(D) as
given below
M(D) =
∫ D
0
4πr2dodr =
4
3
πdoD3. (27)
It can be noted that with the constant density, there is a directly proportion-
ate mass-radius relationship as shown in Fig.1. This characteristic feature,
in fact, is owned by the stellar compact objects.
4.2 The Exterior Region
We meet here with another vacuum region R3 case when the exterior region
approaches the flat spacetime as r goes beyond bounds. Obeying the EoS
0 = ρ = p, this exterior region admits the only known Schwarzschild exterior
solution
ds2 =
(
1− 2M
r
)
dt2 −
(
1− 2M
r
)−1
dr2 − r2(dθ2 + sin2θdφ2), (28)
here M is the constant of integration and stands for the total gravitational
mass, such that
ψ(r) =
1
ϕ(r)
= 1− 2M
r
, r2 ≤ r. (29)
4.3 The Shell Region
The only non-vacuum region is R2 which describes the shell of the gravastar
admitting the condition ρ = p. It is considered to be consisting of some ultra-
relativistic matter connecting to the stiff fluid of cold baryonic universe. In
our case, it may originate from the thermal stimulations with no chemical
potential or at negligible temperature, it may emerge from the gravitational
quanta. If we just see the field Eqs.(16-18), one can conceptualize that with
in non-vacuum shell region R2, it becomes difficult to find their solutions
with the constraint ρ = p. One thing which physically establishes a frame-
work for the existence of analytic solutions, is the limit of the thin shell,
that is, 0 < e−ϕ(r) ≪ 1. This in fact must be because of the intermediate
thin region (thin shell) formed due to the joining of the Schwarzschild ex-
terior vacuum spacetime with that of the vacuum interior spacetime. This
thin shell structure suggests that as r approaches to zero, the corresponding
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radial parameters generally become ≪ 1. Under these newly developed cir-
cumstances, and with the implication of the EoS, ρ = p, one can manipulate
the Eqs.(16-18) to obtain
C3r
2 = e−ϕ(r2 − 2ψ′) and C4eϕ = (r − 4ψ′). (30)
On solving these two ODEs, one can have
ψ =
1
16
(
2r2 +
2
√
2ArcTanh(
√
2r
√
C6√
C5
)C
3
2
5
C
3
2
6
+
(−4r + log(C5 − 2r2C6))C5
C6
)
,(31)
e−ϕ =
C5 − 2r2C6
8r − 16r2 . (32)
Again implementing the same condition of ρ = p together on Eqs.(19) and
(32), results into another linear ODE of the form
pr2 (C6r − C5)
2 (4C6r2 − 2C5) + p
′ = 0, (33)
and the solution of which yields the expressions for ρ and p as
p = ρ = C7e
1
32
(
−2r2−
2
√
2ArcTanh(
√
2r
√
C6√
C5
)C
3
2
5
C
3
2
6
+
(4r−log(C5−2r2C6))C5
C6
)
. (34)
Here all the Ci’s appearing in the above equations are the constants of in-
tegration and the radius r corresponds to the shell structure in region R2
which ranges from D + ε ≥ r ≥ D. Therefore, for this particular situation,
we have ε ≪ 1 due to the assumption that e−ϕ ≪ 1. By further studying
Eq.(34) with the help of the Fig.2, it is noted that ρ ∝ ε which helps us to
conclude that the ultra-relativistic fluid is denser at the outer boundary as
compared to the inner boundary of the shell.
4.4 The Interior-Exterior Joint Interface
The division of the different regions of the gravastar has already been de-
scribed by R1 (the interior region), R2 (the shell region, a joint interface of
the interior and the exterior regions), and R3 (the exterior region). A very
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important formalism used by Darmois [57] and Israel [58] suggests a smooth
match between the interior and exterior regions. At r = D (the joint surface,
Ξ), the coefficients of the metric
ds2 = F(r)dt2 − dr
2
F(r) − r
2(dθ2 + sin2θdφ2), (35)
are continuous, though the existence of their derivative at this surface may
not be guaranteed. However, with the help of Darmois-Israel formalism, it is
quite possible to find the expression for the stress-energy surface Sµν . Now for
the intrinsic stress-energy surface tensor Sµν , we have by Lanczos equation
[59]
Sµν = −
1
8π
(ηµν − δµν ηii), (36)
where the tensor ηµν = Υ
+
µν − Υ−µν gives the discontinuous surfaces in the
extrinsic curvatures or in the surfaces where the second fundamental forms
are applicable. It is to be noted that the appearance of + and − symbols
describe, respectively, the interior and exterior surfaces. Having two-sided
association with the shell, one can express the second fundamental forms as
[60]
Υ±µν = −ζ±i
[
∂2xi
∂ξµξν
+ Γiαβ
∂xα
∂ξµ
∂xβ
∂ξν
]
|Ξ, (37)
with ξµ being the shell intrinsic coordinates and ζ±i represents the double-
sided unit normals on the surface Ξ to the metric (35), and is expressed
as
ζ±i = ±
∣∣∣∣gαβ ∂F∂xα ∂F∂xβ
∣∣∣∣
− 1
2 ∂F
∂xi
, with ζjζj = 1. (38)
Now the stress-energy surface tensor can be obtained as Sij = diag(̺,−σ,−σ,−σ)
by using the Lanczos equations, with ̺ being the surface energy density and
σ the surface pressure. Following are the respective expressions for both ̺
and σ as
̺ = − 1
4πD
[√F]+−, σ = −̺2 + 116π
[ F ′√F
]+
−
. (39)
Therefore, by using Eq.(39), the new expressions for and read as
̺ =
1
4πD
[√
C1 −D2
4
−
√
1− 2MD
]
, (40)
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σ =
1
8π
[
(1− MD )√
1− 2MD
− C1 − 2D
2
2
√
C1 −D2
]
. (41)
Now using ̺ from Eq.(40), we can also express the thin shell mass as
mshell = 4π̺D2 = D
[√
C1 −D2
4
−
√
1− 2MD
]
. (42)
If mass of the shell is known, one can find M , the total mass of the gravita-
tional vacuum star by rearranging Eq.(42) as
M =
1
8
(4− C1)D + D
3
8
+
1
2
m
√
C1 −D2 − m
2
2D , (43)
where m = mshell, the mass of the shell of the gravastar.
5 Some Physical Aspects of the Model
Since we have discussed in the preceding section the implications of the Lanc-
zos equations and have found the expressions for the surface energy density
̺ and the surface pressure σ, now we discuss here the important features like
the EoS parameter, length of the shell, Entropy, and the energy-thickness
relation which exclusively describe the geometry of the gravastar shell.
5.1 The EoS Parameter
At the region r = D, the EoS parameter ω(D) can be written as
ω(D) = σ
̺
. (44)
Now making use of Eqs.(40) and (41), gives an explicit expression for the
EoS parameter as
ω(D) =
D
[
(1−MD )√
1− 2MD
− C1−2D2
2
√
C1−D2
]
2
[√
C1−D2
4
−
√
1− 2MD
] . (45)
The above equation comprises of different factors involving the fractions with
square root terms which increase the sensitivity of the equation. So, one needs
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to introduce some restrictions for these terms to keep ω(D) real. Therefore,
with the implications of the conditions MD ≪ 1 and C1−D2 > 0, the expansion
of Eq.(45) up to first order with binomial series may give us the positive and
the negative values of the EoS parameter.
5.2 Proper Shell Length
We have already assumed that the geometry of the shell of the gravastar is at
the surface D = r which is explicitly described by the regionR1. Since proper
length of the shell is taken as very small such that ε ≪ 1, thus r = D + ε
is the interface from where the region R3 starts. This conceptualizes the
thickness of these two interfaces. Therefore, the proper length of the shell
denoted by L is calculated as [40]
L =
∫ D+ε
D
√
eϕdr =
∫ D+ε
D
2
√
2√
C6(C5−2C6r2)
C5(1−2r)r
dr. (46)
Integration of Eq.(46) gives us
L =
[
1
√
2
√
1 + 1
1−2r +
1
r
r(−1 + 2r)
(1 +
√
2)
{
4r(−1 +
√
2)(−1 + 2r2)
+ 2
1
4
√
−(1− 2r)2
√
−
√
2 + 2r
√√
2 + 2r
1− 2r
{
2
1
4
√
(−10 + 7
√
2)rEllipticE
×
[
arcsin
[√−2 +√2r√
1− 2r
]
, 3 + 2
√
2 +
√
r −
√
2r
(
(−1 +
√
2)EllipticF
× [arcsin
[2 14√r −√2r√
1− 2r ], 3 + 2
√
2
]
+ Ellipticπ[2 +
√
2,
× arcsin
[2 14√r −√2r√
1− 2r
]
, 3 + 2
√
2]
)]}}]D+ε
D
, (47)
where the special functions EllipticE, EllipticF , and Ellipticπ appearing in
the above equation give the complete elliptic integral E(m), elliptic integral
of the second kind E(φ)/m, and complete elliptic integral of the third kind
Π(n/m) respectively, with m and n being the parameters. Any elliptic inte-
gral can be expressed in terms of the three standard kinds of Legendre-Jacobi
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ρ=p
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Figure 2: The plot of the density-pressure, ρ = p
(km−2) of ultra-relativistic stiff fluid in the gravastar
shell against the thickness ε (km) of the shell.
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ℒ
Figure 3: The plot of the proper length L (km) of the
gravastar shell against the thickness ε (km) of the
shell.
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elliptic integrals. An increasing proportionate relation between the thickness
and length of the shell of the gravastar can be noted in Fig.3.
5.3 Shell Entropy
Mazur and Mottola [1] have worked out the zero entropy density in the inte-
rior R1 region of the gravastar, which is consistent for the single condensate
region. However, the entropy within the shell can be determined as [40]
S = 4π
∫ D+ε
D
r2Z(r)√eϕdr, (48)
where Z(r) stands for entropy density defined for the local temperature θ(r),
and is defined as
Z(r) = γ
2K2βθ(r)
4πh2
= γ
(
Kβ
h
)
p
2π
, (49)
where γ is a non-dimensional constant. It is to mention here that for current
work, we take c = G = 1 as our geometrical units. Also, if we assume
h = Kβ = 1 as the Planckian units, then the entropy density Z(r) for the
local temperature θ(r) takes the shape as
Z(r) = γ
√
p
2π
. (50)
Therefore, under these assumptions, Eq.(48) reads
S(ε) = γ
∫ D+ε
D
[
8π3/2r2
√√√√
e
1
32
C7

C5(4r−log(C5−2C6r
2))
C6
−
2
√
2C
3/2
5
tanh−1
(√
2
√
C6r√
C5
)
C
3/2
6
−2r2


√
C5−2C6r2
r−2r2
]
dr.
(51)
The above definite integral seems to be quite complicated. However, if we
keep D fixed, then by the fundamental theorem of calculus, the integral
Eq.(51) can be transformed to an ODE of the form as
dS
dε
=
8
√
e
1
32
C7(−2(D+ε)2−
2
√
2ArcTanh(
√
2(D+ε)
√
C6√
C5
)C
3
2
5
C
3
2
6
+
(4(D+ε)−log(C5−2(D+ε)2C6))C5
C6
)
π
3
2 (D + ε)2√
C5−2(D+ε)2C6
(D+ε−2(D+ε)2)
.(52)
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This equation is a first order highly non-linear ODE. Therefore, through
analytic solution of this equation, the explicit expression for S may not be
possible. However, the numerical solution gives us some information which is
depicted in Fig.4. This reads the proportional relation of the entropy within
the shell S with the thickness of the shell ε.
0.002 0.004 0.006 0.008 0.010
ε
0.0001
0.0002
0.0003
0.0004

Figure 4: The plot of the within the shell entropy S
against the thickness ε (km) of the shell.
5.4 Energy within the Shell
The energy expression within the shell is given as [40]
Q = 4π
∫ D+ε
D
r2ρdr = 4π
∫ D+ε
D
r2
[
C7e
1
32
(
−2r2−
2
√
2ArcTanh(
√
2r
√
C6√
C5
)C
3
2
5
C
3
2
6
+
(4r−log(C5−2r2C6))C5
C6
)]
dr.
(53)
Applying the similar approach as we do for the integral equation (51), we
have the transformed differential equation of the form
0 =
dQ(ε)
dε
− 4e
1
32
(
−2(D+ε)2−
2
√
2ArcTanh(
√
2(D+ε)
√
C6√
C5
)C
3
2
5
C
3
2
6
+
(4(D+ε)−log(C5−2(D+ε)2C6))C5
C6
)
π(D + ε)2C7.(54)
Again, the resulting equation is a highly non-linear differential equation.
Applying some appropriate numerical method gives us the information about
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within the shell energy content with respect to the thickness of the shell.
Increasing and proportional positive behavior of the energy-thickness plot is
quite apparent from the Fig.5, confirming a non-repulsive approach within
the shell. However, within the interior region of the gravastar, we consider
the EOS as p = which shows negative energy region validating the repulsive
nature of the interior region.
0.0002 0.0004 0.0006 0.0008 0.0010
ε
0.00013340
0.00013345
0.00013350
0.00013355

Figure 5: The plot of the energy content Q (km)
within the shell against the thickness ε (km) of the
shell.
6 Concluding Discussion
The ultimate state of gravitational collapse could lead to the foundation of
different matters like neutron stars, black holes, white dwarfs and stripped
singularities. This crucial state of the final collapse is a broadly acknowl-
edged field of research in scientific community from different aspects, both
theoretical and observational. Though, classical GR suffers from different
theoretical problems. One of them is exactly connected to some black hole
paradoxical aspects and naked singularities. In order to alleviate such com-
plications, the notion of the existence of compact stars minus event horizons
has been recently anticipated, the so-called gravastar: a substitute to black
holes. Within these suggested models, a gigantic star in its final phases could
conclude its existence as a gravastar which compresses the matter within the
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gravitational radius rs =
2GM
c2
, that is very close to the Schwarzschild ra-
dius but is singularity-free. In this sense, the existence of quantum vacuum
fluctuations are predicted to perform a non-trivial part at or near the event
horizon.
In this paper, we have constructed a stellar model which shares the unique
key aspects of the conjecture by Mazur and Mottola and which is also appro-
priate to be responsive to the whole dynamical analysis. We have introduced
a feasible concept of a gravatsar under some particular three-layer structural
divisions; the interior of the gravastar is enclosed by a thinly made shell of
some stiff ultra-relativistic matter content while the exterior region is en-
tirely vacuum. This is due to the reason that the Schwarzschild spacetime is
perfectly fit to describe the outer region of the system. As far as the forma-
tion of the shell is concerned, it is thought to be extremely thin containing
a finite width within restrictions of r1 = D ≤ r < D + ε = r2, where r1
and r2 are the interior and the exterior radii, respectively of the gravastar.
These regions, in fact, are structured on the basis of conditions on the EoS
parameter as follows: Interior regionR1 ≡ 0 ≤ r < r1, with ρ = −p, the shell
region R2 ≡ r1 ≤ r ≤ r2, with +ρ = p, and the exerior region R3 ≡ r2 < r,
with ρ = p = 0. With the consideration of the above mentioned geometri-
cal structure for our investigation under f(G, T ) gravity stellar model, the
following prominent features are concluded explicitly as
We have shown the correspondence between the density and pressure
against the radius r of gravastar with the help of the Fig.2 and it is noted
that ρ ∝ ε. This further points out that the ultra-relativistic fluid is stiff and
denser at the outer boundary as compared to the inner boundary of the shell.
We have also worked out an expression for the EoS parameter consisting of
factors involving the fractions with square root terms. It is required here
to introduce some bounds on these terms to have real expression for ω(D).
By applying some specific conditions such as MD ≪ 1 and C1 − D2 > 0, the
first order binomial expansion of Eq.(45) may result into positive and the
negative values of the EoS parameter. This may lead us to some particular
EoS parameter for the transition layer that could result into the stability of
this stellar model.
The graph of proper length L of the gravastar shell against ε, the thickness
of the shell is shown in Fig.3, which depicts its gradually increasing positive
behavior. We have also worked out the shell entropy S after converting the
relation into a highly non-linear differential equation. The solution through
numerical method has been plotted with respect the thickness ε of the shell
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as shown in Fig.4. This plot clearly shows that within the shell entropy S is
increasing gradually with the increasing ε. A directly proportional relation
between the energy content Q and the thickness of the shell ε has been noted
from the plot of Q−ε as shown in Fig.5. It is important to mention here that
our results under f(G, T ) gravity model have been very consistent. It is men-
tioned here that inclusion of the coupling parameter term λ in our f(G, T )
gravity model establishes a clear difference and plays a vital role in concluding
the key features of this exclusive stellar model. It is concluded here that our
f(G, T ) stellar model seems to be quite capable of producing very useful and
consistent results related to the gravastars. Moreover, it would be interesting
to investigate the gravitational lensing effects of gravastars in f(G, T ) gravity.
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